The effects of Zn, P and Mg additions on the microstructure and mechanical properties of Nb-22Ti-3Si alloys were studied. The phases of Nbss and Nb 3 Si presented in Nb-22Ti-3Si (AC1), Nb-22Ti-3Si-0.2Zn (AC2) and Nb-22Ti-3Si-0.2Mg alloys (AC3). The Nb-22Ti-3Si-0.2P (AC4) alloy consisted of Nbss, Nb 3 Si network and eutectic cell of Nbss/α-Nb 5 Si 3 . By the addition of Zn, the Nb 3 Si network was broken and the volume fraction of Nbss increased from 92% to 96%. The values of fracture toughness of the alloy AC2 at ambient temperature increased from 22. . The values of compressive strength for the Zn-added alloy at ambient temperature and 1 250 °C increased from 1 525.10 MPa to 1 652.44 MPa, and from 268.52 MPa to 284.18 MPa, respectively. Compared with the alloy AC1, the addition of P promoted the formation of α-Nb 5 Si phase but the values of fracture toughness and compressive strength of alloy at room temperature and 1 250 °C decreased. In contrast, the addition of Mg improved the compressive strength at ambient temperature and 1 250 °C from 1 525.10 MPa to 1 618.08 MPa and from 268.52 MPa to 348.28 MPa, respectively. The relationship between the microstructure and the mechanical properties was discussed.
Introduction
As a potential candidate for the next generation of ultrahigh temperature structural materials, composites based on refractory metal silicides have the advantages of high melting point, low density and high strength at elevated temperature [1−2] . However, the low fracture toughness at room temperature and poor formability even at elevated temperature prevent applications as ultrahigh temperature structural material [3] . Therefore, how to achieve a balance of room temperature fracture toughness and high temperature strength is one of the important issues in developing niobium silicides based alloys. The room temperature fracture toughness of Nb-Si in situ composite is sensitive to the volume fraction and composition of constituent phases as well as its microstructure, and these factors can be controlled by changing materials composition, processing technique and so on [4−6] . So far, two kinds of methods have been used to improve the room temperature fracture toughness and high temperature strength: element alloying and changing the processing.
Considering the modification effect of Zn on the morphology of eutectic Mg 2 Si as demonstrated by ZHANG et al [7] , a similar effect of Zn on Nb-Si alloys can be expected. However, so far, there was no report on the effect of Zn addition on the microstructures and mechanical properties of Nb-Ti-Si alloys. Similarly, on the basis of the effect of Mg and P on the microstructure and properties of Al-Si alloys [8−9] , in order to create desired properties, the addition of Zn, P and Mg for Nb-Si-Ti alloy was attempted in this research.
Experimental
The experimental Nb-Si-Ti alloys with nominal composition listed in Table 1 in the present investigation were prepared by arc melting in argon atmosphere inside a water-cooled copper crucible with non-consumable tungsten electrode. The alloys were made using Nb, Si, Ti, Zn, Mg and P with purity of 99.99%, 99.999%, 99.9%, 99.9%, 99.9% and 99.5%(mass fraction, %), respectively. The alloy buttons obtained were turned over and re-melted at least five times to ensure chemical homogeneity and the mass of each ingot is 500 g. Samples for microstructure observations were cut from the arc-melted buttons using wire electro-discharge 
machining (EDM). X-ray diffraction (XRD) analyses were performed to identify the crystal structure of the individual phases on a Rigaku D/Max 2200PC X-ray diffractometer using Cu K α radiation. For microstructure observation, the specimens were prepared by conventional metallographic technique. The microstructure of the alloys and the chemical compositions of the phases were analyzed by JEOL JXA-8100 electro probe micro analyzer (EPMA) and energy dispersive spectroscopy (EDS) attached to the EPMA. The volume fractions of the phases were calculated through image analysis of microstructures from a fairly large number of areas by means of SISC IAS V80 metallographic image analysis software.
Notched fracture toughness K Q at room temperature was measured using a three-point bending tests. The three-point bending specimen was 30 mm long, 6 mm wide and 3 mm thick. A notch was introduced up to a/w = 0.5 (where a is the notch length and w the specimen width) by electrical discharge machining with a wire diameter of 0.1 mm. The three-point-bending tests were conducted on an Instron 8801 machine with a loading span of 24 mm and a crosshead displacement rate of 0.1 mm/min. At least three specimens were tested for each alloy.
The compressive tests at room temperature were conducted on an Instron 8801 machine at a strain rate of 3×10
. The dimensions of the polished cylinders were d4 mm×6 mm. The compressive tests at 1 250 °C were conducted in an argon atmosphere at a strain rate of 1×10 −3 s −1 using a Gleeble 1500 testing machine. The specimens were held for 5 min at the testing temperature before testing to homogenize temperature throughout the specimens. The dimensions of the compressive cylinders were d8 mm×12 mm.
Results and discussion

Microstructure
The XRD patterns of the Nb-22Ti-3Si alloys are shown in Fig.1 Table 2 ). On the basis of the XRD data for alloy AC4 in Fig.1(d) and the EPMA data in Table 2 , it was suggested that the alloy AC4 consisted of the Nbss, Nb 3 Si and α-Nb 5 Si 3 . Compared to the alloy AC1, there was a new α-Nb 5 Si 3 phase present as P was added. Figure 2 shows the backscattered electron (BSE) photographs for the Nb-22Ti-3Si alloys with the additions of Zn, P and Mg (alloys AC1−4). And Table 2 summarizes the composition for each element in the phases of the alloys by EPMA. For the alloy with Zn addition (Fig.2(b) ), the gray-white phase and dark-gray phase were Nbss and Nb 3 Si, respectively. The microstructure of alloy AC2 was similar to that of alloy AC1. However, the morphology of phases in alloy AC2 with Zn addition was different from that of the alloy AC1. As shown in Table 2 , for the alloy AC2, the Zn concentration in Nbss was higher than in Nb 3 Si. With the addition of Zn, the Ti concentration in Nb 3 Si decreased and the solution of Si in Nbss was restrained. From Fig.2(b) , the trace Zn addition changed remarkably the microstructural morphyology of the alloy. The microstructure of alloy AC1 was composed of the gray-white Nbss matrix, dark-gray Nb 3 Si network distributed on the boundaries of the Nbss phases and small dark-gray Nb 3 Si particles presented on the Nbss phases ( Fig.2(a) ). With the addition of trace Zn, the microstructure of alloy AC2 also consisted of the gray-white Nbss matrix and dark-gray Nb 3 Si phases ( Fig.2(b) ). However, parts of the dark-gray Nb 3 Si network distributed on the boundaries of Nbss phases were broken and the volume fraction of Nb 3 Si phase decreased from 8% in alloy AC1 to 4% in alloy AC2 (Fig.2(b) ). Simultaneously, the size of Nbss decreased when Zn was added.
For the alloy AC3 (Fig.2(c) ), the microstructural morphology also consisted of gray-white Nbss matrix, dark-gray Nb 3 Si network distributed on boundaries of Nbss phases and small dark-gray Nb 3 Si particles presented on the Nbss phases. The difference from the microstructural morphology of alloy AC1 is that the size of the Nbss increased and the solution of Si and Ti in Nbss increased as Mg was added.
It must be noticed that for the alloy with P addition (alloy AC4, Fig.2(d) ), the EPMA analysis (Table 2) revealed that the alloy AC4 was composed of the gray-white Nbss matrix, dark-gray Nb 3 Si network distributed on the boundaries of Nbss phases, small dark-gray Nb 3 Si particles and fine-scale eutectic cell of Nbss/α-Nb 5 Si 3 on the Nbss phases, which suggested that the P addition can promote the direct formation of α-Nb 5 Si 3 . From Fig.2(d) , it could be found that the size of the primary Nbss increased and part of Nb 3 Si particles transformed into eutectic cell of Nbss/α-Nb 5 Si 3 with the addition of P. According to the EPMA data in Table 2 , the P concentration in Nb 3 Si is higher than that in Nbss and α-Nb 5 Si 3. Compared with the alloy AC1, the solution of Si and Ti in Nbss increased as P was added. Moreover, the size of Nbss increased with the P addition.
Mechanical properties
In order to evaluate the effect of Zn, P and Mg additions on the fracture toughness of the alloys, the volume fraction of Nbss phase and the room temperature fracture toughness (K Q ) of the alloys are presented in Table 3 . It is worthy to be noted that the volume fraction of the Nbss phase increased from 92% to 96% with the addition of Zn. However, the change of the Nbss phase volume fraction was not remarkable in the alloys with the additions of Mg and P. It also could be seen from previously that the deformation behavior of the Nb-Si based alloys is quite different from the behavior of some completely brittle materials such as monolithic intermetallic compounds and ceramics, which usually fail with the sudden drop in the load at the peak value during bending tests, revealing an unstable crack propagation [10−11] . Moreover, the main cracks in the Nb-Si based alloys generate from the notch root propagation in a zigzag route, and the crack bridging and crack deflection are effective approaches to toughening brittle materials. And the possibilities of the crack bridging and deflection are larger as the number of the primary Nbss particles increases [12−14] . Thereby, it is not difficult to understand that, the increasing of K Q for alloy AC2 is mainly owing to two factors. Firstly, the improvement of fracture toughness is closely related to microstructure changes, such as the decrease of Nb 3 Si phase and the increase in volume fraction of the Nbss ductile phase with the addition of Zn. As reported previously [15] , once the Nbss phase bridges or deflects a crack, a large amount of energy absorption can be expected. Therefore, the increase in the number of Nbss will contribute to the enhancement of fracture toughness. Secondly, the Nb 3 Si network is broken in alloy AC2, which retards efficiently the crack propagation and makes the crack bridging and deflection in Nbss phase. In contrast, compared with alloy AC1, the K Q of the alloys with the Mg and P additions decreased from 22. , respectively. This would be attributed to the increase of the Si and Ti concentration in Nbss which led to the Nbss phase embrittling. SEM micrographs of the fracture surface of the alloys are shown in Fig.3 . For alloy AC1 (Fig.3(a) ), the Nbss and Nb 3 Si exhibited brittle cleavage fracture and some secondary cracks were observed. However, for alloy AC2 (Fig.3(b) ), the fracture morphology showed an intergranular and quasi-cleavage mixture mode. With the addition of Zn, no secondary crack was found. It is revealed that the plastic deformation limit of the alloys was improved as Zn was added. This result further suggested that the addition of Zn is beneficial to the fracture toughness of Nb-22Ti-3Si alloy. For alloys AC3 (Fig.3(c) ) and AC4 ( Fig.3(d) ), the fracture mechanism was also cleavage fracture. However, with the P addition, porosities were found in alloy AC4, which seriously decreased the fracture toughness.
Compression tests were conducted to investigate the effect of Zn, P and Mg additions on the mechanical properties of the Nb-22Ti-3Si alloys at room temperature and 1 250 °C. Figure 4 presents the compressive stressstrain curves of the alloys at room temperature and 1 250 °C. And Table 4 list the yield strength (σ 0.2 ) and the compressive strength (σ bc ) at room temperature and σ bc at 1 250 °C. As shown in Fig.4 , the four alloys have experienced plastic deformation. Compared to the alloy AC1, the yield strength at ambient temperature of the alloys with the Zn and P additions increased from 1 096.58 MPa to 1 130.94 MPa, and from 1 096.58 MPa to 1173.11 MPa, respectively. But, the addition of Mg had little influence on the yield strength at ambient temperature. The compressive strength (σ bc ) increased with the Zn and Mg additions at both room temperature and 1 250 °C. But the addition of P resulted in the decrease of the σ bc at both room temperature and 1 250 °C. For the alloy AC2, the volume fractions of Nbss increased from 92% in alloy AC1 to 96% in alloy AC2 (Table 3 ). According to the viewpoint of NOBUAKI [16] , the strength of the alloys should decrease as the volume fraction of the Nbss increased. In contrast, the strength of the alloy AC2 increased with the increasing of Nbss, which could mainly be attributed to the refined Nbss ( Fig.2(b) ), which can be characterized as the decrease of the size of the Nbss phase. As the size of Nbss phases decreased, the number of the grain boundary increased. Therefore, the strength was improved by the grain-boundary hardening. In addition, the solid solution strengthening of Nbss by Zn may also play an important role in the improvement of the strength of Nb-22Ti-3Si alloy. For the alloy AC4, with the P addition, the decrease of σ bc may be explained by the size increase of the Nbss which leads to the number of the grain boundary decreasing and the porosities as mentioned above. However, the addition of Mg improved the σ bc , which could be attributed to the solid solution of Mg in Nbss and Nb 3 Si and the increase of the concentration of Ti and Si. 
Conclusions
1) The microstructure of Nb-22Ti-3Si alloys with the additions of 0.2%Zn and 0.2%Mg consisted of Nbss and Nb 3 Si. But, Nbss, Nb 3 Si and α-Nb 5 Si 3 presented in Nb-22Ti-3Si-0.2P alloy with the P addition.
2) The fracture toughness increased by 17% from 22.58 MPa·m 1/2 to 26.41 MPa·m 1/2 as 0.2% Zn was added.
The addition of Zn element was beneficial to the compressive strength of Nb-22Ti-3Si alloys at ambient temperature and 1 250 °C owing to the refinement of Nbss, grain-boundary hardening and solid solution strengthening.
3) The addition of P promoted the formation of α-Nb 5 Si 3 phase, but it was detrimental to the fracture toughness and compressive strength of Nb-22Ti-3Si alloy.
4) The compressive strength of Nb-22Ti-3Si alloy with the addition of Mg at room temperature and 1250 °C was remarkably improved, but the fracture toughness of the alloy was decreased.
